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The atomic-scale structure of the fivefold symmetric surface of an AlPdMn quasicrystal is investigated
quantitatively by comparing x-ray photoelectron diffraction simulations to experiment. The observed fivefold
symmetry of the diffraction patterns indicates that the surface is quasicrystalline with no hint of a reconstruc-
tion from the bulk structure. In analyzing the experimental data, many possible bulk terminations have been
tested. Those few that fit best to the data have in common that they contain an Al-rich surface layer followed
by a dense mixed Al/Pd/Mn layer. These best terminations, while not identical to each other, are suggested to
form terraces coexisting on a real surface. Structural relaxations of the quasicrystal surface are also analyzed:
mixing several best-fit terminations gives average best-fit interlayer spacing changes of Dd12520.057 Å and
Dd24510.159 Å. These results are in good agreement with a prior structure determination by low-energy
electron diffraction on a sample that was prepared in a different manner.
DOI: 10.1103/PhysRevB.69.134107 PACS number~s!: 68.35.Bs, 68.47.De, 68.49.JkI. INTRODUCTION
Although much is understood about the bulk atomic-scale
structure of quasicrystals,1–3 the determination of their sur-
face structures presents important challenges.4 Information
about the surface structure, composition, chemistry, topol-
ogy, and possible surface reconstructions is a prerequisite to
understanding the recent findings that quasicrystalline sur-
faces and coatings exhibit high hardness, low surface fric-
tion, and high oxidation resistance, i.e., properties important
for many technological applications. Moreover, the complex
processes which favor quasicrystalline ordering are probably
also related to the interaction at the growth front, i.e., the
surface.
The surface structures of both icosahedral and decagonal
alloys have been examined previously by scanning tunneling
microscopy ~STM! and low-energy electron diffraction
~LEED!, among many techniques.5–14 Earlier LEED studies
were limited to observations and discussions of the symme-
try and spacing of the diffraction spots, addressing the ques-
tion of whether the surface retains the quasicrystallinity of
the bulk. More recently, Gierer et al.4 used dynamical LEED
to obtain atomic-scale information on the surface structure
and composition of the fivefold surface of AlPdMn: that
work was performed with a sample differently prepared from
that in the present study, but the expectation is that the struc-
tures should nevertheless be similar. The LEED study fa-
vored a mix of several relaxed, bulklike terminations, with a
dense Al-rich layer on top followed by a layer with a com-
position of about 50% Al and 50% Pd. The spacing between0163-1829/2004/69~13!/134107~10!/$22.50 69 1341these two topmost layers ~0.48 Å in the bulk! was found to
be contracted by about 0.1 Å from the bulk value, and the
two-dimensional density of these two almost coplanar layers
taken together was similar to that of one close-packed atomic
layer of an Al~111! surface. The more recent, and more quali-
tative, studies are largely consistent with the LEED results4
and with the conclusions of the present detailed study.
In this work, the surface structure of an AlPdMn quasic-
rystal has been studied by means of core-level x-ray photo-
electron diffraction ~XPD!.15–17 XPD is similar to LEED in
that the photoemitted electrons may undergo elastic scatter-
ing from the atoms of the crystal, and the interference be-
tween the direct and the scattered waves gives rise to diffrac-
tion patterns that contain structural information. However,
since each element has a unique photoelectron spectrum, it is
almost always possible to find a core peak at a kinetic energy
specific to each element of the system under consideration. It
is then also possible in many cases to localize the origin of
the signal in a subset of sites of the crystal, so that different
features of the system may be emphasized. Compared to
LEED, XPD is more sensitive to lateral displacements of
atoms parallel to the surface, since the electron momentum
transfer in XPD under the usual conditions is less parallel to
the surface. The complementary differences between XPD
and LEED allow us to derive a more complete picture of the
system and obtain a better understanding of the surface struc-
ture of the AlPdMn quasicrystal.
The organization of this paper is as follows. In Sec. II the
experimental measurements of XPD from Al 2p and Pd 3d
in an AlPdMn quasicrystal are presented. Section III de-
scribes the computational techniques used in theoretical©2004 The American Physical Society07-1
ZHENG et al. PHYSICAL REVIEW B 69, 134107 ~2004!simulations of XPD, based on multiple scattering theory. In
Sec. IV, the modeling of a quasicrystal surface for XPD
simulations is discussed in detail. Finally, the quantitative
analysis and a discussion of the quasicrystal surface structure
are presented in Sec. V, while our conclusions are given in
Sec. VI.
II. EXPERIMENTAL PROCEDURES
The measurements were performed with a standard labo-
ratory x-ray Mg Ka source (hn51253.6 eV) and a Physical
Electronics Omni IV spectrometer system. The experimental
geometry is shown in Fig. 1. The photoelectrons were energy
analyzed by an electrostatic hemispherical electron energy
analyzer ~PHI model 10-360! and detected by a channel-
plate array. The angular resolution was about 60.7°. XPD
was performed by rotating the sample, and the raw signal
was obtained by integrating a fixed energy window centered
on each core level and subtracting a similar window taken
from the nearby background.
Data were recorded from a prepolished disk of AlPdMn in
the fivefold orientation, from a boule grown by the Czochral-
ski method in the Forschungszentrum Ju¨lich. The sample,
with a diameter of 10 mm and a thickness of 2 mm, had a
bulk composition of 70.5%, Al, 21% Pd, and 8.5% Mn. The
surface was cleaned by neon ion sputtering and prolonged
annealing to about 800 K. Cleanliness of the sample was
evaluated from the absence of an oxide shoulder on the Al
2p peak, recorded under conditions of extreme surface sen-
sitivity, and the absence of other contaminants as identified
from the entire photoelectron spectrum.
Sample cleaning was repeated about every 2–3 h. Since it
is well known that ion bombardment can lead to surface
depletion of specific alloy components, the intensity of Al,
Pd, and Mn core-level lines was recorded after the prepara-
tion process. The relative intensity of these lines was com-
pared with that recorded from a sample of the same boule,
where the surface was prepared by mechanical cleaving in
ultrahigh vacuum. These data served as a reference for the
bulk composition. It was found that the annealing process
recovered a composition in the surface region probed by the
photoemission experiment which was very close to that of
the bulk.
This sample exhibited a fivefold LEED pattern4 and a
fivefold photoelectron diffraction pattern from the Al 2p , Pd
FIG. 1. Experimental photoemission geometry.134103d , and Mn 2p lines, excited with Mg Ka radiation, as
reported in the literature.18
The results of angle-scanned XPD ~polar angle up to
umax545° from the surface normal! from Al 2p and Pd 3d
emission, together with optimized simulations, are shown in
Fig. 2. The photoelectron energy was 1181 eV for Al 2p and
919 eV for Pd 3d . The raw data were acquired for 220°
azimuthal range and were fully consistent with the fivefold
symmetry of the AlPdMn quasicrystal. To reduce noise, the
data shown in Fig. 2 were therefore rotationally averaged
according to this symmetry. The optimization procedure for
the theoretical simulations is discussed in detail in Sec. V
below.
III. METHOD OF CALCULATION
The multiple scattering calculation of diffraction ~MSCD!
package developed by Chen et al.15 is used for the analysis
of the XPD data. This program simulates the elemental and
state-specific core-level photoelectron diffraction pattern
from an atomic cluster that represents a surface. It is based
on multiple scattering theory with the Rehr-Albers ~RA!
separable representation of spherical-wave propagators, and
FIG. 2. Comparison between optimized simulated ~top! and ex-
perimental ~bottom! XPD for Al 2p ~left! and Pd 3d ~right!. In the
theoretical patterns of this and other figures, the polar angle labeling
refers to the surface plane, so that the data range from the surface
normal at 90° to 45° from the surface plane.7-2
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mental data. To model the use of unpolarized radiation, the
results of MSCD for two orthogonal linear polarizations were
averaged.
The inelastic mean free path of about 12 Å was estimated
with a formula ~proportional to E1/2) derived by Seah and
Dench using experimental attenuation lengths for several
solid elements.19
Cluster sizes of about 100–150 atoms have been shown to
be adequate for surfaces of metals and other materials, such
as W~110!, O/W~110!, Li/Al~111!, and MnO~100!.15 We have
used somewhat larger cluster sizes of about 200–300 atoms
for the modeling of the quasicrystal surface: our tests ~de-
scribed below! show that these are sufficient.
A major challenge in studying quasicrystal surfaces by
quantitative XPD lies in how to model the cluster for MSCD
calculations. Normally, MSCD is applied to periodic surface
structures. Even for some disordered surfaces, as in some
adsorption systems, the substrate is still periodic. But for
quasicrystals, both the surface and deeper layers are aperi-
odic. Hence the choice of suitable clusters for MSCD calcula-
tions has to be carefully considered and will be discussed in
the next section.
The detailed theory and computational techniques under-
lying the MSCD code have been described in Ref. 15, so we
only briefly review the method here.
In core-level photoemission, a photon illuminates an emit-
ting atom and excites an electron from an atomic core level,
ejecting the electron to a detector. The intensity of photoelec-
trons at the detector can be expressed in general as follows:
I~K,u ,f!}Uf01(j fs jU
2
. ~1!
Here k is the final electron wave vector, u and f are the polar
and azimuthal angles of photoelectron emission, respectively,
f0 is the wave component representing travel along a path
directly from the emitting atom to the detector without being
scattered by another atom, and fs j is the scattered wave
component representing travel via paths involving single or
multiple scattering by one or more atoms, where j represents
the multiple scattering ~MS! order. The multiple scattering
expansion for spherically symmetric scatterers can be ex-
pressed in terms of diagonal plane-wave scattering t matrices
and matrix elements of the free-particle propagator expressed
in an angular momentum and site basis. We use the Rehr-
Albers approximation: this approach expands the solution in
terms of the ‘‘RA order,’’ which can be adjusted to achieve
convergence and limit the computational time. For most
cases involving emission from an s wave, it was found that
the second RA order is adequate.15,20 More generally, for
emission from an initial state l i , the (l i11)th RA order
should be used for the first scattering event after emission;
thereafter, the second RA order remains adequate.15
To better compare the angle-scanned curves in this work,
the photoemission intensities of different polar and azimuthal
angles are normalized to the x function,15
x5~I2I0!/I0 , ~2!13410where I is the photoemission intensity at specific polar and
azimuthal angles ~u and f!, and I0 is the background sub-
tracted from the intensity. For polar u and azimuthal f angle-
scanned curves, I0(u) and I0(f) are obtained by using a
spline fitting method and a linear fitting method,
respectively.15
The misfit between theory and experiment is quantified






( ~xci2 1xei2 !
, ~3!
where xci and xei are calculated and experimental x curves,
respectively. We also use six other R factors21 to confirm that
the results do not depend on the particular form of R factor
chosen.
In view of the approximations that we must make to de-
scribe this infinitely complex surface, it should be borne in
mind that the comparison between theory and experiment ~as
in Fig. 2, for example! must focus much more on the orien-
tation of diffraction features ~emission angles! than on their
relative amplitudes. It should also be understood that diffrac-
tion features are frequently composed of multiple peaks,
which in turn have relative amplitudes that are less reliable
than their absolute orientations: so feature orientations are
correspondingly more reliable than feature shapes.
IV. MODELING A QUASICRYSTAL SURFACE FOR MSCD
CALCULATIONS
The bulk structure of the AlPdMn quasicrystal used in this
work is that determined by x-ray and neutron diffraction.2,3 A
different, theoretical model is also available,22 but at our
level of approximations we cannot distinguish between the
two models. We take the bulk structure from a cube of AlP-
dMn with 100 Å edges, centered at an arbitrary point. The
quasicrystal surface is formed by cutting the bulk quasicrys-
tal sample. If one cuts the sample at different positions along
a fivefold axis, then one can achieve different surfaces con-
sisting of various terminations of the bulk structure, as
shown in Fig. 3. It can be seen that the composition, density,
and geometric arrangement of atoms in the surface layers can
be quite different for different terminations. This in fact is
the central problem in all investigations of quasicrystal sur-
faces, since in a plane perpendicular to a quasicrystalline axis
the concept of a lattice plane does not exist—in principle
there are infinitely many atomic arrangements possible, al-
though many of these will bear a close similarity to one
another. Figure 4 shows the composition of several consecu-
tive atomic planes and their interlayer spacings perpendicular
to a fivefold axis based on the above bulk model.
As suggested by Figs. 3 and 4, no two atomic planes are
identical. However, a subset of terminations exists which are
all similar: this subset fits the experimental data best, as will
be shown in the following sections. These terminations all
consist of a bulklike Al-rich outermost layer, followed
closely ~about 0.48 Å deeper into the bulk! by a mixed Al/Pd
or Al/Pd/Mn layer. This ‘‘bilayer’’ is followed by more dis-
tant layers, and then by closer and denser layers.7-3
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sequential set of typical planes which are perpen-
dicular to the fivefold axis ~axes are in ang-
stroms!. ~a! is an Al-rich dense plane, followed
by ~b! another dense plane with mixed Al/Pd/Mn
composition, then ~c! a dilute layer mainly con-
sisting of Pd atoms, and ~d! a dense plane with
mixed Al/Pd, and ~e! a dense plane with mixed
Al/Mn. The bulk interlayer spacings between
successive planes ~a!–~e! are 0.48, 0.78, 0.78,
and 0.48 Å, respectively.In MSCD calculations, the surface studied is represented by
a half-ellipsoidal cluster of atoms whose shape takes into
account the finite escape depth of photoelectrons due to in-
elastic scattering. The cluster dimensions are chosen to give
convergence of the calculated results, to the extent that the
computational cost remains acceptable.
The MSCD program relies on generating atomic positions
through periodic lattice vectors, as appropriate for periodic
crystals. For nonperiodic structures like quasicrystals, this
approach can be extended by choosing a periodically re-
peated supercell which is larger than the cluster itself.
We next discuss the choice of cluster dimensions, as well
as other parameters that enter the calculation. Tests were per-
formed assuming Al 2p emission. Representative calculated
XPD patterns for the ~unrelaxed! AlPdMn quasicrystal are
shown in Fig. 5 as a function of cluster depth ~from 2 to 12
layers!. We choose a cluster radius of 12 Å, which is large
enough for convergence, as shown in the following section.
From Fig. 5, it can be seen that, when the number of layers n13410reaches 4, the simulated XPD pattern starts to show the five
main spots of the experimental pattern. For n.6, the central
spot appears, and the simulated patterns converge between
n58 and 12. In the later calculations, a cluster depth of
about 5 Å is used, which corresponds to about ten atomic
layers. This depth may seem small compared to the inelastic
attenuation length of about 12 Å, but it must be remembered
that the total mean free path is smaller than this ~due to
elastic scattering!. Also, the quasicrystalline structure in-
volves ‘‘irregular’’ interlayer spacings and lateral positions,
compared to more common metal surfaces, so that the emis-
sion from deeper layers tends to be forward scattered in
many more directions by overlying layers, yielding a rela-
tively diffuse contribution.
We also tested the lateral cluster dimension with radii
ranging from 6 Å ~44 atoms within the cluster! to 15 Å ~299
atoms!, and a depth of 5 Å. For the angular range considered
here, the XPD patterns and R factors converge when the
cluster radius reaches 12 Å. Therefore, in the later simula-7-4
ATOMIC-SCALE STRUCTURE OF THE FIVEFOLD . . . PHYSICAL REVIEW B 69, 134107 ~2004!FIG. 4. Variation of R factor with choice of different terminations for the AlPdMn quasicrystal: 100 consecutive terminations are
included; a termination is defined by removing all layers to the left of a given layer ~so positive z points into the bulk, the origin being at an
arbitrary position!. The positions of bars represent individual bulklike atomic layers at their bulk positions along the fivefold axis, with
different fill patterns defining their composition ~see inset!, and heights proportional to their two-dimensional atomic density ~left ordinate
gives number of atoms per 1003100 Å2 area!. The lines connecting dots show R factor values ~right ordinate! for each termination. Unlike
in Table I, these terminations are not optimized: the open dots assume bulklike interlayer spacings, while the filled dots relax the topmost and
second interlayer spacings by 20.1 and 10.1 Å, respectively. Arrows and letter labels identify those terminations that give the best R factors:
these terminations are interpreted as forming terraces.tions, 12 Å is chosen as the default radius of the clusters.
Finally, we have optimized several nonstructural parameters
that need to be taken to convergence:15 the multiple scatter-
ing order becomes nmax54, the RA order umumax52, the
muffin-tin zero V054 eV, and the Debye temperature uD
5250 K.
To start the structural analysis, we performed Al 2p MSCD
calculations for each of 100 possible terminations within a
cube of surface area 1003100 Å2 and a depth of 100 Å,
chosen arbitrarily to represent an average piece of bulk qua-
sicrystal. Of 100 terminations studied, simulations of diffrac-
tion patterns for the three typical terminations shown in Figs.
3~a!–3~c! are shown in Figs. 6~a!–6~c!. Among these three,
the surface terminated with a dilute Pd layer @Fig. 6~c!# gives
the poorest agreement to experiment @repeated for Al 2p
from Fig. 2 in Fig. 6~d!#: the theoretical XPD shows ten
strong spots in a ring, quite unlike the experimental pattern.
In contrast, agreement is enhanced if the surface termination
is one of the dense layers. From Fig. 6~a!, it appears that a
good match to features found in the experimental pattern is
obtained by using as the outermost layer a dense Al~1Mn!
layer; this notation means that the composition in the layer is
mostly or totally Al, with perhaps some Mn @cf. Fig. 3~a!#.
This is followed by a dense Al/Pd/Mn layer @with a mix of
Al, Pd, and Mn; cf. Fig. 3~b!#. The strong differences be-
tween these three examples suggest that our MSCD calcula-
tions can indeed be used to determine which is the topmost
layer of real quasicrystal surfaces, due to the fact that the
calculated XPD pattern is very sensitive to the choice of
termination.
Second, we have compared R factors calculated via dif-
ferent definitions21 for a variety of terminations, to make sure13410that the best fit does not depend on how the R factor is
defined. For a cluster centered on a particular lateral site,
different terminations in the z direction ~fivefold axis! are
chosen as the topmost layer of the trial surface. We find that
the trend of variation of R factors with different terminations
is the same for all the definitions of R factors used for the
MSCD calculations.
Third, we have to consider the lateral position of the emit-
ter atoms, since all atoms of the same species, regardless of
location, contribute to the total emission in our experiments.
This corresponds to the choice of the location parallel to the
surface of the ellipsoid that defines the selected cluster. Since
the surface does not have a two-dimensional unit cell, there
is an infinite variety of inequivalent emitter locations. As we
cannot model all possible locations of the emitters, the strat-
egy is to select only those clusters that occur predominantly
on the surface. To that end, we tested four very different
ellipsoidal clusters centered on various characteristic points
of the surface ~producing the required fivefold pattern sym-
metry by averaging over fivefold rotated orientations!. We
find that the variation of R factors between these sites is
significantly smaller than that between different termina-
tions. This means that XPD is more sensitive to emitter lo-
cation and thus surface structure in the perpendicular direc-
tion than in lateral directions for the fivefold quasicrystal
surface. Consequently, only one lateral emitter location need
be considered in each atomic layer below the surface.
V. RESULTS
The XPD of Al 2p and Pd 3d has been simulated using
the MSCD code with the above optimized parameters. The7-5
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pattern for Al 2p emission, shown for different
numbers of layers from 2 to 12.comparison between optimized simulation and the experi-
mental data is shown in Fig. 2. The main features of the
simulated patterns agree quite well with the experimental
patterns. The simulated XPD patterns show clearly the five-
fold symmetry, and the position and intensity of the main
spots are close to those in the experimental data. We next
discuss several structural aspects of this result.
Favored terminations
We have performed MSCD simulations for 100 clusters,
each having a different termination, the results of which are
summarized in Fig. 4. Several terminations with relatively
good ~small! R factors are observed, as indicated with arrows
and the labels A – H in Fig. 4. It is found that those few
terminations that best fit the experimental data have in com-
mon that they contain an Al-rich surface layer followed by a13410dense mixed Al/Pd/Mn layer: in each case, the outermost
layer ~marked by an arrow! is predominantly composed of
Al, while the second layer ~to the right of the arrow! has a
much more variable mixture of Al, Pd, and Mn. These best
terminations are not identical to each other. In a real quasic-
rystal surface, they may form terraces with many coexisting
favorable terminations. It is therefore necessary to allow for
mixtures of different terminations in the calculations, by av-
eraging the diffraction patterns from the different terraces.
We have also explored a variety of random mixtures of
different terminations, and considered averaging both over
intensities and over R factors from different terminations.
The optimum structures mentioned below are found not to
depend significantly on how the mix of terminations is
handled.
Interestingly, Fig. 4 also shows a few other terminations
that fit relatively well, if not as well as the first group dis-7-6
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Al 2p XPD for three different typical termina-
tions with the experimental XPD patterns. ~a! The
topmost layer is a dense Al-rich layer ~with or
without Mn element in the same layer!, followed
by a dense mixed Al/Pd/Mn layer with interlayer
spacing of 0.48 Å. ~b! The topmost layer is a
dense mixed Al/Pd/Mn layer followed by a dilute
Pd layer with interlayer spacing of 0.48 Å. ~c!
The topmost layer is a dilute Pd layer, followed
by a dense mixed Al/Pd layer with interlayer
spacing of 0.78 Å. ~d! Experimental XPD of Al
2p for comparison.cussed above: examples in Fig. 4 are the terminations with
low R factors occurring near 246, 228, 211, 21, and 117
Å. These terminations consist of triplets of layers, with a
mixed-composition higher-density central layer flanked by a
pair of Al-rich but lower-density outer layers. They were also
observed in the earlier LEED analysis,4 giving further sup-
port to the reliability of the results obtained with comple-
mentary techniques.
Chemical composition
Since XPD is an element-specific technique, it is useful to
investigate the chemical composition from particular quasic-
rystal surface areas. To do this, we have used several typical
best-fit clusters as examples and changed the chemical com-
position in the clusters by replacing Pd by Al, or Mn by Al,
or some Al by either Pd or Mn. In these examples, we used
Al 2p as emitter to obtain XPD patterns and compared then
with experimental data. We find that such clusters with modi-
fied compositions always give higher R factors. The better
~lower! R factors are always obtained from clusters with a
composition of Al (70610 %), Pd (20610 %), and Mn
(10610 %), which is close to the bulk composition of the
AlPdMn quasicrystal ~70.5:21:8.5!. This indicates that the
preparation technique used in the experiments actually does
not produce excessive depletion of one atomic species
against any of the others, in line with results from x-ray
photoelectron spectroscopy.13410Perpendicular relaxations
To investigate the qualitative effect of variation of inter-
layer spacings on the R factors, we first calculate the R factor
as a function of 100 individual possible terminations of an
ideal ~bulk! lattice. We then change the first and second in-
terlayer spacings to d1220.1 Å and d2410.1 Å,23 according
to previous LEED results, and then recalculate the R factor.
The results are illustrated in Fig. 4. It can be seen that for
terminations with small R factor, the values decrease slightly
after modification of the interlayer spacing. This suggests
that, for small-R-factor terminations, such a relaxation is fa-
vorable. Next, to determine more accurate relaxations of the
interlayer spacings, a full optimization for these small-R-
factor terminations is done. The optimized results of small-
R-factor terminations ~as indicated with arrows in Fig. 4! are
listed in Table I. The average R factor is ;0.16, and the
average best-fit interlayer spacing changes are Dd12
520.0660.15 Å ~from 0.48 Å in the bulk! and Dd24
510.1660.15 Å ~from 1.56 Å in the bulk!.
The resulting spacing changes in this study by MSCD are
in reasonable agreement with the previous LEED study,4
which determined the interlayer spacing changes of an AlP-
dMn quasicrystal to be Dd12520.0660.04 Å and Dd24
510.0460.04 Å.4,23 As noted above, that LEED study used
a different preparation procedure, with a higher annealing
temperature: brief annealing at 1050–1100 K, followed by7-7
ZHENG et al. PHYSICAL REVIEW B 69, 134107 ~2004!TABLE I. Optimum R factors and best-fit changes in surface interlayer spacings ~relative to the bulk! of
an AlPdMn quasicrystal, by MSCD simulations. Results are shown for nine typical small-R-factor terminations
with an Al-rich layer as surface topmost layer, and their average ~terminations A–H are shown in Fig. 4;
termination I would follow H to its right!. d24 is the interlayer spacing between the second dense layer and
the next dense layer, which is the fourth layer. The third layer is a dilute Pd layer. Bulklike values of
interlayer spacings: d1250.48 Å, d2451.56 Å. Unlike the R factors shown in Fig. 4, the values shown here
were obtained by structural optimization. ~Note: the LEED R factor is included only for the sake of com-
pleteness; an XPD R factor cannot be compared directly to a LEED R factor.!









A 0.1528 0.046 110 0.150 110
B 0.1543 0.067 214 0.052 13
C 0.1634 20.015 23 0.152 110
D 0.1588 20.204 243 0.198 113
E 0.1647 0.019 14 0.115 17
F 0.1549 20.170 235 0.255 116
G 0.1565 20.134 228 0.134 18
H 0.1522 20.132 228 0.250 116
I 0.1517 0.006 11 0.127 18
Average 0.1566 20.0660.15 212630 0.1660.15 110610
LEED ~Ref. 4! 0.31 20.1060.04 22168 0.0460.15 13610several hours of annealing at 870 K.24 This results in flatter
surfaces with larger terraces, as seen by STM and by sharper
LEED patterns.
Lateral relaxations
We also consider lateral relaxations of the surface, i.e.,
atomic displacements parallel to the surface. We find a13410slightly better fit when the local structures are distorted with
small lateral displacements of surface atoms. As an example,
consider one typical best-fit termination @termination D; cf.
Fig. 4 and Fig. 7~a!#: the magnitude of such a lateral dis-
placement is about 5% of the nearest-neighbor distance
within the layer. At the same time, the first interlayer spacing
(d12) slightly increases by about 0.03 Å to 0.31 Å ~still lessFIG. 7. Three typical best-fit terminations, la-
beled as in Fig. 4 and drawn as in Fig. 3.7-8
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only 0.01 after such displacement: to verify the existence and
magnitude of such relaxations would require additional data.
VI. DISCUSSION AND CONCLUSIONS
In summary, we have compared experimental Al 2p and
Pd 3d XPD patterns from a fivefold surface of icosahedral
AlPdMn~000001! with a wide variety of XPD pattern simu-
lations using multiple scattering calculations.
Simulations for 100 terminations of the bulk quasicrystal
lattice produce several favorable terminations. These best
terminations are not identical to each other, but show com-
mon features, namely, a dense Al-rich layer followed by an-
other dense Al/Pd/Mn layer with average interlayer spacing
of 0.42 Å after optimization ~compared to 0.48 Å in the
bulk!. The quasicrystal surface also shows slight lateral dis-
placements. Our results suggest that the real surface of the
quasicrystal is likely formed by coexisting terminations, in
the form of terraces separated by steps ~as also seen5–7 by
STM!.
The present results can be compared with the ~few! quan-
titative investigations of quasicrystal surface structure. The
LEED study by Gierer et al.4 has already been mentioned
above. Naumovic et al.25,26 have investigated the fivefold
and twofold surfaces of icosahedral AlPdMn by full hemi-
spherical x-ray photoelectron diffraction using the Al 2s , Pd
3d5/2 , and Mn 2p3/2 photoemission lines. Comparing their13410patterns to single-scattering cluster simulations,27 they con-
cluded that the environment of each element is very similar
and has icosahedral symmetry. Their 51-atom clusters con-
sisted of a pair of nested icosahedra around a central atom,
and gave good qualitative agreement with Al 2s diffraction,
although no quantitative comparison in terms of R factors
was attempted ~their good fit between theory and experiment
despite a single-scattering model is related to the unique
structure of quasicrystals: few atoms are lined up in straight
chains as in a regular crystal, thereby reducing the multiple
scattering that occurs chiefly along such chains of atoms at
typical XPD energies!. In view of the limited size of their
model structure, information on different surface termina-
tions and atom displacements in the immediate surface re-
gion, such as presented in Sec. IV above, was not obtained.
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